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Abstract
This paper presents the possibility of using ICP-MS for the determination of total U and its isotopes: U-232, U-
233, U-234, U-235, U-236, U-238  in different uranium compounds. The limit of detection  (LOD) for  U-238 in 
standard solution was 10 pg g-1. To obtain lower LOD, ultrasonic nebulizer U 6000AT+ was tested. To obtain 
accurate results in isotopic analysis, all potential interferences were investigated and necessary corrections were 
fixed experimentally. Elaborated analytical procedures were applied to the analysis of uranium samples for their 
characterization, as well as to the determination of  U isotopes separated from irradiated thorium oxide.  
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1. Introduction: 
The determination of uranium at trace and ultratrace level and its isotopic analysis has taken on particular 
significance in connection with the analysis of nuclear industry, radiation protection and environmental 
monitoring. The isotopic analysis enables to gain information about origin sample, enrichment or depletion of 
uranium etc.  
Usually, conventional radiochemical methods for the determination of isotope ratios of long-lived 
radionuclides at low concentration levels require a careful and often time-consuming chemical separation of the 
analyte. There are a large variety of radiochemical methods allowing the separation of U isotopes, many of them 
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designed for measurements by alpha-spectrometry, TIMS or SIMS. Inductively coupled plasma mass 
spectrometry (ICP-MS) has the potential to be an ideal tool for precise, accurate, and rapid determination of total 
uranium and its isotopes. The extremely low detection limits (fg), high resolution, short measurement time and 
capability for isotopic analysis make it superior to many other techniques. In recent years,  this technique has 
been applied for the precise determination of isotopic compositions of long-lived radionuclides [1- 3]. However,  
the simultaneous measurement of all isotopes of interest is critical for achieving precise isotope ratios from 
transient signals. The questions to be solved are connected with the very low concentration of minor abundance 
isotopes such as U-234, high total dissolved solids (TDS), as well as the presence of spectrometric interferences 
[4]. To obtain accurate results in U isotopic ratio measurements, all potential interferences were investigated and 
necessary corrections were fixed experimentally. Also, to improve the detection limits, an alternative sample 
introduction system (ultrasonic nebulizer (USN) with a desolvation membrane) was used.  
Obtained results show that ICP-MS in combination with ultrasonic nebulizer, ensures accurate determination 
of uranium isotopes in various samples, even with very low U concentrations. 
2. Experimental 
2.1. Samples 
Isotope ratios were determined in two different types of samples:  
x archival uranium samples stored in the INCT for last twenty and more years (U-234, U-235, U-236, U-238) 
x uranium separated from thorium irradiated in the neutron flux in the nuclear reactor (U-232, U-233, U-234, U-
235, U-236, U-238) 
Table 1.- Optimized operating conditions of ICP-MS for the determination of uranium isotopic ratios 
Instrumental parameters 
RF Power 
Nebulizer Gas Flow Rate 
Plasma Gas Flow Rate 
Auxiliary Gas Flow Rate 
Lens Voltage 
Number of Sweeps 
Number of Readings 
Number of Replicates 
Dual Detector Mode 
Measurement Unit 
1000 W 
0.95 L min-1 
15 L min-1 
1.2 L min-1 
6.75 V 
11 
1 
5 
Dual 
cps 
2.2.  Instrumentation 
To prepare samples calibrated analytical and micro-analytical balances Sartorius MC5 and Sartorius BP221S 
were used.  
An ELAN DRC II  inductively coupled plasma quadrupole mass spectrometer (Perkin-Elmer) with crossflow  
nebulizer with Scott double-pass spray chamber and Ni cones was used in the work. Optimization of 
experimental parameters of  ICP-MS instruments was performed with respect to the maximal ion intensity of U-
238 and minimal uranium hydride formation rate using a natural uranium solution. Mean max. sensitivity for U-
238 for 1 ng g-1 was 25000 counts. Instrument operation conditions are summarized in Table 1. 
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The ultrasonic nebulizer U6000AT+ (Cetac) was used for the reduction of sample solvent loading to ICP-MS 
instrument . 
2.3. Analytical procedure 
Uranium compounds: 
Samples of mass 0.01-1 mg were digested in the mixture: 10 mL HNO3 concd. + 30 mL H2O deionized, in the 
temperature 80qC for 120 min. Next, the obtained solutions were diluted to suitable volume and measured 
directly by ICP-MS. 
Uranium separated from irradiated thorium: 
ThO2 was irradiated in the neutron flux in the Polish nuclear reactor MARIA. After required cooling time, 
samples were digested and uranium was selectively and quantitatively separated from Th and Pa-233; the 
elaborated separation scheme was based on ion-exchange and extraction chromatography [5]. Obtained fraction 
containing uranium in 13M HNO3 + 0,05 M HF + 0,1 M Al(NO3)3 + H2O was diluted to suitable volume and 
measured directly by ICP-MS. 
3. Results 
3.1. ICP-MS measurements 
As mentioned previously, to accurate measurements uranium isotope ratios, several parameters should be 
optimized. Before each set of determinations, following instrumental operating parameters: RF power (from 900 
to 1400 W), nebulizer argon flow (from 0.5 to 1.1 L min-1), lens voltage (from 4 to 10 V) were established to 
obtain the highest intensity for 238U+, simultaneously ratios: CeO+/Ce+ and Ba2+/Ba+ should not exceed 3%.  
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Fig 1. Dependence between thorium concentration and obtained signal for 233 mass (from formed 232ThH+) 
The detection limits (LOD) for U was calculated as three times the standard deviation of the intensities of the 
blank response at the m/z =238 position. The average values and the standard deviation were obtained by using 
the results of the five replicate measurements. In normal working conditions (crossflow nebulizer with Scott 
double-pass spray chamber), the LOD was 10 pg U. To improve the limit of detection, ultrasonic nebulizer was 
used. For 1 ppb U standard solution, signal intensity has increased about one order of magnitude. Therefore, the 
limit of detection was calculated at 1 pg U.  
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Both isobaric (eg. 232U - 232 Th) and polyatomic interference may occur, hence their contribution to the analyte 
should be defined. For example, polyatomic ion 232ThH+  (mass 233) interferes with 233U+. Figure 1 shows 
dependence between thorium concentration and obtained signal for 233 mass (from formed 232ThH+). There are 
different ways to eliminate the interferences contribution i.a. mathematical corrections or chemical separations. 
Mathematical correction works on the principle of measuring the intensity of the interfering isotope or interfering 
species at another mass, which is ideally free of any interferences. A correction is then applied by knowing the 
ratio of the intensity of the interfering species at the analyte mass to its intensity at the alternate mass. Selective 
and quantitative isolation of uranium from thorium was carried out for U isotope ratio determination in neutron 
irradiated ThO2 [5].  
Elaborated procedure for the analyze of isotope ratios was checked by determining ratio 235U/238U in 
multielemental standard solution Merck VI usually used for ICP-MS calibration; the obtained results are 
presented in Table 2. This standard solution  was used to evaluate the repeatability (as percentage coefficient of 
variation CV%).  For all uranium isotopes CV% is below 5%. 
Table 2.- Results of Isotope Ratio Determination for Merck VI Multielemental Standard Solution 
Analyte Net Intensity Mean Ratio Mean 
U-233 3.818 0.000010 
U-234 4.727 0.000015 
U-235 1008.791 0.002838 
U-236 36.182 0.000103 
U-238 362597.833 1.000000 
3.2. Analysis of uranium materials 
 
Figure 2.Uranium isotopic abundance in enriched sample 
Referenceisotope:238U
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Described procedure of sample digestion and isotope ratio measurements was successfully used for the 
characterization of archival uranium samples stored in the INCT for at least twenty years. Seventeen samples 
were analyzed. In most cases measured isotope ratio 235U/238U was 0.007 (natural uranium). In few cases (3 
samples), the 235U/238U ratio varies from 0.002 to 0.004 (depleted uranium) whereas in one sample an enrichment 
of the 235U/238U isotope ratio compared to the isotope ratio in nature was determined. Figure 2 shows mass 
spectrum of enriched sample.  
3.3. Analysis of uranium fraction from irradiated ThO2
Thorium is a fertile element, which can be used as nuclear fuel in a nuclear reactor. 232Th forms with 
thermal neutrons 233Pa which decays forming the fissile nuclide 233U. However, other nuclear reactions occur at 
the same time and other U isotopes also form. Figure 3 shows the mass spectrum of pure uranium fraction 
separated from neutron irradiated Th. Table 3 presents obtained data for two independent samples irradiated at 
1.93 x 1014 cm-2 s-1  for 280 h and cooled for 12 months, separated and measured in the same conditions. As can 
be seen, ICP-MS provides precise and accurate results, what is very important in nuclear research. Table 4 
contains measured isotope ratios for different irradiation conditions of ThO2. From the obtained results, it could 
be concluded, that the developed procedure (ThO2 irradiation and dissolution, radiochemical 
separation of uranium fraction and U isotope ratios measurements) allows to check the 
correctness of the nuclear constants used to describe the path of nuclear reactions that occur 
during the irradiation of thorium in given conditions.  
 
Figure 3. Uranium isotopic abundance in pure fraction isolated from irradiated ThO2 
Table 3.- Uranium isotopic abundance in 
pure fractions isolated from irradiated ThO2 
 
Table 4.- Uranium isotopic abundance in pure fractions isolated from ThO2  
irradiated in different conditions 
Sample 233U:234U:235U:236U 
 
Sample 
Neutron flux 
[cm-2 s-1] 
Irradiation 
time [h] 
233U:234U:235U:236U 
a 0.9867 : 0.0113 : 0.00015 : 0  1 1.40 1014 278 0.9933 : 0.0062 : 0.00045 : 0 
b 0.9881 : 0.0113 : 0.00014 : 0  2 1.93  1014 280 0.9867 : 0.0113 : 0.00015 : 0 
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4. Conclusions 
ICP-MS is very suitable tool for uranium isotopic analysis. In the case of samples with very low U 
concentration, ultrasonic nebulizer can be used to improve measurements. A short time of analysis, sufficient 
accuracy makes this method recommended for characterization of samples coming from nuclear industry and 
from unknown origin (i.a. smuggling). 
Acknowledgements: 
This work was partly supported by the POIG grant No: POIG .01.03.01-00-076/08-00 
References: 
[1]. Lariviere D, Taylor VF, Evans RD, Cornett RJ: Spectrochim. Acta Part B: Atomic Spectroscopy, 61, 877-904 (2006) 
[2]. Boulyga SF, Becker JS, Matusevitch JL, Dietze HJ: Int. J. Mass Spectrom. 203, 145-154 (2000) 
[3]. Boulyga SF, Matusevitch JL, Mironov VP, Kudrjashov VP, Halicz L, Segal I, McLean JA, Montaser A, Becker JS: J. Anal. At. 
Spectrom. 17, 958-964 (2002) 
[4] Becker JS: Spectrochim. Acta Part B 58, 1757-1784 (2003) 
[5] Kalbarczyk P, Polkowska-Motrenko H. Chajduk E. Patent No. 12152025.8-1218 A selective extraction of uranium and protactinium from 
material containing thorium, 2012 
[6] Thorium fuel utilization: potential benefits and challenges. IAEA-TECDOC-1450, IAEA, Vienna, 2006 
 
 
 
 
 
 
 
 
 
 
